Ribosomal subunits are assembled in the nucleolus before being transported to the cytoplasm. Recent work has identified both a protein that may play a key role in restructuring the large, 60S subunit prior to transport and factors that facilitate transport itself. In eukaryotes, ribosomal subunits are assembled from their constituent ribosomal (r)RNA and protein components in the nucleolus, a nuclear sub-compartment. This requires many trans-acting factors to process and modify the primary pre-5S and polycistronic 35S transcripts into mature small subunit (18S) and large subunit (5S, 5.8S and 25S/28S) rRNAs (reviewed in [1]). Once assembled, the large (60S) and small (40S) ribosomal subunits released from the nucleolus are exported through nuclear pores to the cytoplasm, where they carry out their crucial function in protein synthesis.
In eukaryotes, ribosomal subunits are assembled from their constituent ribosomal (r)RNA and protein components in the nucleolus, a nuclear sub-compartment. This requires many trans-acting factors to process and modify the primary pre-5S and polycistronic 35S transcripts into mature small subunit (18S) and large subunit (5S, 5.8S and 25S/28S) rRNAs (reviewed in [1] ). Once assembled, the large (60S) and small (40S) ribosomal subunits released from the nucleolus are exported through nuclear pores to the cytoplasm, where they carry out their crucial function in protein synthesis.
This model seems simple enough, but within it lie several questions that have proven anything but simple to answer. What determines when ribosomal subunits are completely assembled, and how is this recognised? And what associates with the subunits to mediate their export to the cytoplasm? Also, do the myriad factors that associate transiently with pre-rRNA and the assembling subunits act in isolation, or are their activities, and association and dissociation from their substrate, aided by other proteins? Active recycling of trans-acting factors is almost certainly crucial for the rapid pace of ribosome synthesis, which occurs at a rate of about 2000 min -1 in yeast [2] . Thus, for example, dissociation of factors may be a facilitated process.
Crucial to identifying factors that are important in late stages of ribosome biogenesis has been development of simple visual screens in the budding yeast Saccharomyces cerevisiae. Several of these use reporters comprising ribosomal proteins fused to the green fluorescent protein (GFP). The accumulation of reporter proteins within the nucleus or nucleolus is evidence that subunit export (or assembly) is defective. Initially, such reporters were used in combination with mutants known to be defective in nuclear transport [3, 4] . The results obtained indicated that, in common with many other nuclear transport processes, the export of ribosomal subunits requires the GTP-binding protein Ran and nuclear pore proteins.
To advance understanding beyond known factors, the Hurt laboratory [5] used their reporter, the modified 60S protein Rpl25p-GFP, to screen a bank of thermosensitive yeast mutants. Amongst mutants isolated from the collection as defective in ribosome export (rix) at the non-permissive temperature one, rix5-1, identifies a 60S subunit protein. This protein, Rpl10p, provides a binding site on the 60S subunit for the nuclear export machinery [5] . A second mutant, rix7-1, identifies a candidate 'restructuring factor' that acts prior to 60S transport from nucleus to cytoplasm [6] . Rix7p may facilitate either dissociation of trans-acting factors from 60S or a crucial conformational change that stabilises the subunit.
Remodelling 60S prior to export -a role for Rix7p?
Gadal et al. [6] found that, at non-permissive temperatures, rix7-1 yeast cells accumulate Rpl25p-GFP predominantly in the nucleolus, consistent with a defect prior to completion of 60S. The precursors of the 60S subunit are saltlabile and contain the RNAs that precede the 25S and 5.8S in the rRNA processing pathway. At the non-permissive temperature, rix7-1 cells are deficient in both mature 60S and precursors to the 25S and 5.8S rRNAs (27SB and 7S, respectively). However, no processing intermediates were found to accumulate in the rix7-1 cells. As mutants that affect rRNA processing per se usually accumulate rRNA processing intermediates, these data strongly suggest that Rix7p is required for a step (or steps) that stabilises 60S and/or its immediate precursors.
The clue to the function of Rix7p comes from its sequence. Rix7p is a member of the 'AAA' family of ATPases -ATPases associated with various cellular activities -and is the first one shown to be important for ribosome assembly. AAA ATPases are involved in many crucial cellular functions (reviewed in [7] ), and a common theme is that they occur in situations where protein unfolding or dissociation occurs. An example is the enzyme katanin which, in the presence of ATP, is able to dismantle microtubules, disrupting interactions between individual tubulin subunits. AAA ATPases that have been studied structurally form hexameric rings, and it has been speculated that ATP hydrolysis on the subunits brings about conformational changes throughout the ring. This in turn would place mechanical stress on proteins bound to it, and AAA ATPases may thus lever, or prise their substrates apart.
Determination of where Rix7p is localized within cells has yielded information on when the protein may act. At steady state, Rix7p was seen to be distributed throughout the nucleus [6] . In stationary phase cells, however, when ribosome assembly is essentially shut down, it was found to accumulate in the nucleolus. After re-induction of growth, Rix7p moved transiently to the nuclear periphery, before redistributing to the whole nucleus. Gadal et al. [6] were able to demonstrate interaction of Rix7p with pre-60S particles, and the movement of Rix7p to the nuclear periphery on induction of growth likely reflects association with these particles. It also indicates that Rix7p carries out at least part of its function once pre-60S particles are released from the nucleolus. What is happening to the pre-60S particles at this point? Presumably they are associating with the nuclear transport machinery (see below) as the final stages in assembly are converting them into stable, transport-competent particles. This may be intimately linked to the removal from the particles of pre-rRNA processing and assembly factors. Indeed, in mammalian cells, all such factors examined to date cycle rapidly between the nucleolus and nucleoplasm ( [8] and references therein), suggesting that they may not be removed from subunits before they exit the nucleolus. Assuming Rix7p acts in a similar manner to characterised AAA ATPases, what function might it carry out? As known substrates of AAA ATPases are proteins, Rix7p is perhaps unlikely to act on rRNA directly, but may facilitate changes in protein-RNA or protein-protein interactions within pre-60S particles. Putting the available data together, one model for Rix7p activity is as follows (see Figure 1) . In each round of activity, Rix7p enters the nucleolus to bind pre-60S. These complexes exit the nucleolus, and Rix7p facilitates shedding of processing factors during transit to the nuclear periphery. This would constitute at least part of the remodelling of the pre-60S particle required to reveal the complex that exits the nucleus. According to this model, the nucleolar accumulation of Rpl25p-GFP and loss of late intermediates in rRNA maturation in the rix7-1 mutant are indirect consequences of a failure to recycle processing factors. Biogenesis of more subunits would stall prior to their stabilisation, leading to their degradation. A second appealing model is that conformational changes driven by Rix7p allow pre-60S particles to 'breathe' or 'flex' and thereby shift into a stable conformation. This might, for example, allow ribosomal proteins to bind tightly into the particles. As another possibility, Rix7p may stimulate the activity of downstream enzymes such as RNA helicases that in turn act directly on rRNA.
The above possibilities all fit with the proposal that Rix7p, either directly or indirectly, stabilises 60S subunits, but until substrates of Rix7p are identified models for its function remain speculative. It is intriguing, however, that the rix7-1 mutation is synthetic lethal in combination with a rpl10 mutation. As discussed below, Rpl10p is a key player in the nuclear export of 60S subunits. As mutations affecting the same steps of a pathway often have compounded defects, this suggests there are functionally important interactions between 60S export and Rix7p activity.
Linking 60S to the nuclear export machinery
Rpl10p has been suggested to assemble into 60S subunits in the cytoplasm [9] . But as the rix5-1 allele causes nuclear accumulation of Rpl25p-GFP, Hurt and co-workers [5] examined Rpl10p in detail. They showed that Rpl10p has a nuclear localisation signal (NLS) and enters the nucleus. In addition, rix5-1 cells have pre-rRNA processing defects, further supporting a nuclear role for the rix-5 gene product Rpl10p. A clue to understanding the rix5-1 phenotype Schematic representation of late events in large (60S) ribosomal subunit biogenesis. Rix7p binds to pre-60S particles in the nucleolusdepicted as a crescent, as often seen in yeast -and is carried with them to the nuclear periphery as final stages in assembly are carried out. The energy provided by ATP hydrolysis on Rix7p is suggested to drive dissociation of trans-acting assembly and processing factors from the maturing subunit. This may be a specific factor or a class of activities with a common structure that Rix7p recognises. Other proteins in addition to Rix7p are likely to be involved in these steps. Both Rix7p and trans-acting factors recycle back to the nucleolus. One of the final steps in 60S assembly is binding of Rpl10p. Once bound Rpl10p provides a binding site for the adaptor protein Nmd3p, to which in turn Xpo1p binds. In common with other nuclear transport events, and supported by the dependence of 60S export on the Ran cycle, the export complex is likely to include Ran-GTP. Once the 60S-Nmd3p-Xpo1p-Ran-GTP complex enters the cytoplasm it is dissociated by the activity of the Ran GTPase-activating protein Rna1p and its cofactor Yrb1p. How the activity of Rix7p is related to export events is unclear, but in its absence unstable pre-60S complexes are not converted to the stable export-competent forms. In this model the deficit is failure to recycle processing and assembly factors. Cytoplasm came from earlier genetic evidence that Rpl10p interacts with Nmd3p [10] . Nmd3p is an essential protein studied extensively by Arlen Johnson and co-workers ( [11] and references therein). It associates with nascent 60S subunits, and a deficiency in Nmd3p activity drastically reduces the half-life of newly synthesised 25S RNA, without affecting rRNA processing. Thus Nmd3p was suggested to be required in post-assembly stages of 60S biogenesis.
Recent data from the Johnson laboratory [11] have confirmed this speculation, and shown that Nmd3p links 60S particles to the nuclear export machinery (see Figure 1) . Nmd3p is cytosolic at steady state, but deletion of the protein's carboxyl terminus yields mutants that accumulate in the nucleus. The over-production of such mutant forms of Nmd3p was found to inhibit growth and cause nuclear accumulation of a Rpl25p-GFP reporter. Further, the authors showed that the carboxy-terminal domain of Nmd3p has nuclear export signal (NES) activity, dependent on the function of the nuclear export receptor Xpo1p. Thus, Nmd3p accumulates in the nucleus when the activity of Xpo1p is inhibited. Last, but not least, nuclear export of 60S subunits is also sensitive to inhibition of Xpo1p function. The clinching link between Nmd3p and the 60S subunit came from the studies of Gadal et al. [5] . Like Ho et al. [11] , they demonstrated a requirement for Xpo1p and Nmd3p in 60S export, but they also found that Nmd3p binds directly to Rpl10p when co-expressed in Escherichia coli. Thus, Rpl10p can provide a binding site for Nmd3p on the ribosome.
The nuclear export of 60S subunits is reminiscent of spliceosomal U small nuclear RNA (snRNA) export in higher eukaryotes. Pre-mRNA splicing takes place in the nucleus, but U snRNAs require passage through the cytoplasm during their assembly into ribonucleoproteins. Export of U snRNAs to the cytoplasm requires CRM1, the higher eukaryotic homologue of Xpo1p, and an adaptor protein, PHAX [12] . PHAX links these RNAs to CRM1 by binding to proteins associated with their 5′ cap. Export also requires phosphorylation of PHAX. It remains to be seen whether Nmd3p is modified during its functional cycle or whether the association of Rpl10p with pre-60S particles, and in turn of Nmd3p with Rpl10p, is sufficient to provide an export signal.
For the future
How might activity of Rix7p be linked to the nuclear export of 60S subunits? To answer this question it will be important to determine whether events mediated by Rix7p govern association of 60S subunits with the nuclear export machinery, or vice versa. Rix7p activity may contribute to a 'passport' that allows formation of the 60S-Nmd3p-Xpo1p complex or its passage through the nuclear pore. The localisation of processing factors in the rix7-1 mutant may also provide clues as to the step(s) blocked by loss of Rix7p function. Regardless of how Rix7p functions, the observation that a protein with the potential to influence the structure of other proteins is required in terminal stages of 60S maturation is exciting, and adds to the range of activities associated with ribosome biogenesis. Moreover Rix7p, Nmd3p and Rpl10p all have homologues in higher eukaryotes, indicating that they most likely represent conserved functions. Much remains to be done to solve the puzzle of the late stages in ribosome biogenesis. However, the foundation provided by knowledge of the nuclear export pathway and identification of factors such as Rix7p provide hope for rapid progress in the future.
